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Buckling Behaviour of Cold-Formed Steel Beams under 
Bending and Torsion 
 




This research is concerned with the buckling behaviour and design of cold-
formed steel beams subject to combined bending and torsional actions. A finite 
element model considering the effects of initial geometrical imperfections and 
residual stresses was developed to simulate the combined bending and torsion of 
cold-formed steel beams. The finite element model was used to conduct analysis 
on cold-formed lipped channel sections, Z sections and hollow flange channel 
sections. Elastic buckling analysis was first conducted to study their buckling 
modes and buckling loads. Nonlinear analysis including the effects of large 
deformation and material yielding was conducted to obtain their ultimate 
buckling strength. The interaction between the ultimate bending and torsional 
moment capacities was studied and appropriate design rules were suggested. 




Cold-formed steel beams are widely used in residential, industrial and 
commercial buildings due to their high strength-to-weight ratio, ease of 
fabrication, and economy of transportation and handling. Most of the cold-
formed steel sections are mono-symmetric or asymmetric, they are easily 
subjected to eccentric transverse loads, and they will thus be subjected to 
combined bending and torsional actions. 
 
There is very little guidance available for designing cold-formed steel beams 
against combined bending and torsion. The Australian standard for cold-formed 
steel structures AS/NZS 4600(SA, 2005) does not consider torsion, as well as 
the Australian steel structures code AS 4100(SA,1998) . In the 2007 edition of 
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the North American specification for cold-formed steel structural members(AISI, 
2007), newly developed design rules are included for laterally unrestrained 
flexural members subjected to both bending and torsional loading. It states that 
the flexural strength shall be reduced by multiplying it by a reduction factor R, 
which is defined as the ratio of the normal stress due to bending alone divided 
by the combined stress due to both bending and torsional warping at the point of 
maximum combined stress on the cross-section. Eurocode 3 Part 1.3 design 
rules for cold-formed steel structures (EN 1993-1-3, 2006) also says that where 
loads are applied eccentric to the shear centre of the cross-section the effects of 
torsion should be taken into account. It states that the total normal stress and the 
total shear stress due to both bending and torsion should be no more than the 
tensile yield stress and the shear yield stress respectively, and the complex stress 
of the total normal stress and the total shear stress should be no more than the 
tensile yield stress multiplied by 1.1. Inadequately, all these provided rules are 
only for the design of section strength under bending and torsion, there is no 
guideline provided for the design of member buckling strength under bending 
and torsion.  
 
The main objective of this research is to investigate the buckling behaviour and 
design of cold-formed steel beams subject to combined bending and torsion. 
Numerical models were developed to simulate the behaviour and strength of 
cold-formed steel beams under bending and torsion. Elastic buckling analysis 
was first conducted to study their buckling modes and buckling loads. Nonlinear 
analysis including the effects of large deformation and material yielding was 
conducted to study their ultimate buckling strength. The interaction between the 
ultimate bending and torsional moment capacities was studied and appropriate 
design rules were suggested. This paper presents the essential details of this 
research and the important results. 
 
Development of finite element model 
 
A simply supported cold-formed steel beam subject to a mid-span eccentric 
transverse load was used to conduct this research, as seen in Figure 1. Three 
different cold-formed steel sections, lipped channel section, lipped Z section and 
hollow flange channel section(known as LiteSteel Beam, LSB) were adopted, as 
seen in Figure 2. In this figure, “S” and “C” denote the shear centre and the 
centroid of a section, respectively, “P” is the applied transverse load at mid-span 
with an eccentricity “e” from the shear centre, which causes combined bending 
and torsion action. In this study the eccentric load at the mid-span is simulated 
through an equivalent loading condition, as illustrated in Figure 2, it is finally 
replaced by a transverse load (P) applied to the beam web and a couple formed 
by equal and opposite lateral loads (Q) applied to the beam flanges. 
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        (a) Full-span model            (b) Half-span model 
 
Figure 1: A simply supported beam subject to a mid-span eccentric load 
 
 
(a) Lipped channel section 
 
(b) Lipped Z section 
 
(c) Hollow flange channel section 
 
Figure 2: Eccentric load and Equivalent loading conditions 
 
Since the presence of symmetric conditions in loading, support and geometry of 
the beam, a half-span beam model(see Figure 1(b)) was developed by utilization 
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of symmetry. ANSYS Version 13.0 was used to create finite element models and 
to conduct analyses. The element named Shell 181 in ANSYS was used for 
finite element modeling. The Shell 181 element is suitable for analyzing thin to 
moderately-thick shell structures and is well-suited for linear, large rotation, 
and/or large strain nonlinear applications. Element widths equal to or less than 
5mm ( for the flats) or 2.5mm ( for the corners) and a length of 10mm were 
selected as the suitable mesh size to provide an accurate representation for the 
combined bending and torsion behaviour modelling of cold-formed steel beams. 
Linear elastic/perfect-plastic material model was adopted for all the elements, 
with the elastic modulus E and Poisson’s ratio taken as 200,000 MPa and 0.3, 
respectively, and the tangent modulus taken as zero.  
 
Figure 3 shows typical finite element models for cold-formed steel beams. The 
transverse load (P) acting on the web elements was uniformly distributed to 
every node along the web height, and the lateral load (Q) was applied to the 
outside surface elements of the top and bottom flanges, which was also 
uniformly distributed to every node along the flange width. The simple-support 
at beam end was modeled by applying appropriate constraints at the end nodes. 
These nodes were fixed against the in-plane vertical deflection (y direction), out-
of-plane horizontal deflection(x direction), and the rotation about longitudinal 
axis (z axis). While the nodes of loading section(symmetric section for the 
original full-span beam) were fixed against the longitudinal displacement (z 
direction), and the rotations about x axis and y axis.  
 
    
 




Initial geometric imperfections and residual stresses were both included in the 
finite element models. The first buckling mode obtained from elastic buckling 
analysis was used to input the initial geometric imperfection in the nonlinear 
analysis, and a maximum initial imperfection of L/1000 was adopted. In cold-
formed steel members residual stresses could be idealized as a summation of 
two types: flexural and membrane. Schafer and Pekoz (1998) presented flexural 
and membrane residual stress distributions for cold-formed steel sections. Based 
on their research, flexural residual stresses in lipped channel section and Z 
section were assumed to be 0.39fy , 0.23fy , 0.07fy, and 0.27fy along the web 
(stiffened element), the flanges(edge stiffened elements), the lips, and the 
corners respectively. Membrane residual stress was ignored since it is generally 
small in cold-formed steel members. LSBs have both flexural and membrane 
residual stresses due to the combined electric resistance welding and cold-
forming process used in production. Idealised flexural and membrane residual 
stress distributions in LSBs reported by Anapayan and Mahendran (2011)were 
used in the LSB models. The flexural residual stress was assumed to vary 
linearly across the thickness and five integration points through the element 
thickness were used to model the distribution of flexural residual stress, while 
the membrane residual stress was assumed constant across the thickness. In this 
study both flexural and membrane residual stresses were applied at element 
integration points by reading a user-defined initial stress file. 
 
The developed finite element model was validated by comparing its results with 
available and related experimental results. Put et al. (1999a, b) conducted tests 
on simply supported cold-formed lipped channel beams loaded concentrically 
and eccentrically at mid-span; Anapayan and Mahendran (2011) conducted tests 
on simply supported hollow flange channel beams subject to two quarter point 
loads applied through the shear center; Keerthan and Mahendran (2013) 
conducted shear tests on simply supported cold-formed lipped channel beams 
subject to a mid-span concentric load; Keerthan and Mahendran (2010) 
conducted shear tests and Keerthan et al.(2013) conducted combined bending 
and shear tests on simply supported hollow flange channel beams subject to a 
mid-span concentric load; Wan and Mahendran (2015) conducted bending and 
torsion tests on simply supported hollow flange channel beams subject to a mid-
span eccentric load. Finite element modeling and analysis were conducted on 
these available tests and the obtained numerical results( ultimate strength, load-
deflection curve and failure mechanism) agreed well with the test results. These 
comparisons have proved that the developed finite element model is able to 
simulate the bending and torsional behaviour of cold-formed steel beams, also to 
simulate their bending and/or shear behaviour (by assuming zero eccentricity), 





Table 1 and Table 2 list the dimensions of cold-formed steel sections used in this 
study. Based on the Australian steel structures code AS 4100 (1998), these 
sections can be classified as compact section (C10019, Z10019 and LSB 
150×45×2.0) and slender section(C10010, Z10010 and LSB 200×45×1.6) 
respectively.  The nominal material yield stress fy is 450 MPa for Sections 
C10019 and Z10019, and is 550 MPa for Sections C10010 and Z10010. For 
LSB sections, it is 450 MPa for the flange elements and 380 MPa for the web 
elements. 
 
Table 1: Dimensions of lipped channel and Z sections 
 









C10019 102 51 14.5 1.9 5 
C10010 102 51 12.5 1.0 5 
Z10019 102 51 14.5 1.9 5 
Z10010 102 51 12.5 1.0 5 
 
Table 2: Dimensions of hollow flange channel sections 
 







LSB150×45×2.0 150 45 15 2.0 
LSB200×45×1.6 200 45 15 1.6 
 
There are two eccentric loading cases, namely, load applied on the two different 
sides of the shear center. Figure 4 shows the warping longitudinal stress 
distributions due to torsion and Figure 5 shows the loading cases and the signs 
of warping longitudinal stress. In Figure 5, the symbol “-” is used to indicate 
compression and the symbol “+” is used to indicate tension of the warping 
longitudinal stress, they are opposite for the two loading cases, which will lead 
to different combinations of bending and torsion. In this study the sense of load 
eccentricity is defined as negative for loading case A and is defined as positive 
for loading case B. For each case, different levels of combined bending and 
torsional actions were investigated by varying eccentricities, which including 0 




Figure 4: Warping longitudinal stress distributions 
 
 
(a) Loading case A : negative eccentricity 
 
(a) Loading case B : positive eccentricity 
 
Figure 5: Eccentric loading cases 
 
Elastic buckling analysis was first conducted to investigate the eigenvalues and 
eigenvectors of cold-formed steel beams subject to bending and torsion. Figure 6 
shows the first buckling modes for C10010, Z10010 and LSB200×45×1.6 with 
span L = 2m and e =±10 mm. For the C section, it can be seen obvious flange-
lip distortion in the overall lateral and torsional buckling mode under negative 
eccentricity loading case; However, for the Z section, flange-lip distortion is 
not easy to occur, local buckling in the upper web and top flange becomes its 
weakness under positive eccentricity loading case; The LSB section has two 
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torsionally rigid hollow flanges, its web is comparatively flexible and so web 
distortion is observed simultaneously in its overall lateral and torsional buckling 
mode.  
 
      
 
(a) e = -10mm 
 
     
 
(b) e = 10mm 
 
Figure 6: The first buckling modes 
 
Nonlinear static analyses, including the effects of large deformation and material 
yielding, were conducted to obtain the ultimate buckling strength. Figure 7 plots 
the results for the cold-formed steel beams with span L = 2m. In this figure Pe is 
the ultimate load with an eccentricity e and P0 is the ultimate load with zero 
eccentricity (applied through the shear center). For the C sections, negative 
eccentricities are more disadvantageous than positive eccentricities, due to the 
effects of flange-lip distortion occurred in the former condition; For the Z 







local buckling in the upper web and top flange, in some range, negative 
eccentricities could even help to improve the capacities; For the LSB sections, 
the ultimate loads of negative and positive eccentricity loading cases are close 




Figure 7: Pe / P0 versus eccentricity 
 
Figure 8 shows the typical von Mises stress distributions and Figure 9 shows the 
typical von Mises plastic strain distributions in the beams as they just reach the 
ultimate strength peak. The failure characteristics of cold-formed steel beams 
under bending and torsion can be clearly observed. The locations of von Mises 
plastic stress and strain are mainly decided by the combination of bending 
normal stress and warping normal stress. An exception is the Z section under 
negative eccentricity loading, it may fail as Figure 8(c)(and Figure 9(c)), or as 
Figure 10, the latter occurs after the absolute value of negative eccentricity 
exceeds 20mm, the beam deforms reversely and bottom flange-lip distortion 
occurs, and the strength will drop obviously after that( see Figure 7 the curves 























    
 
      (a) C10010, e= -10mm              (b) C10010, e=10mm 
 
    
 
      (c) Z10010, e= -10mm             (d) Z10010, e=10mm 
 
     
 
      (e) LSB200×45×1.6, e= -10mm     (f) LSB200×45×1.6, e=10mm 
 
Figure 8: Von Mises stress distributions 
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        (a) C10010, e= -10mm             (b) C10010, e=10mm 
 
     
 
       (c) Z10010, e= -10mm             (d) Z10010, e=10mm 
 
        
 
      (e) LSB200×45×1.6, e= -10mm     (f) LSB200×45×1.6, e=10mm 
 
Figure 9: Von Mises plastic strain distributions 
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Figure 11 shows the relationship between the ultimate bending and torsional 
moment capacities. In this figure, Mu=Pe L/4 is the ultimate bending moment 
and Tu=Pe e/2 is the ultimate torsional moment of an eccentrically loaded beam, 
Mb=P0 L/4 is the nominal member moment capacity under bending alone (zero 
eccentricity loading), and Tt is the nominal torsional moment capacity under 






























The nominal torsional moment capacities are presented in Table 3. In this table, 
Tt1, Tt2, Tt3 and Tt4 correspond to the torsional moment when the warping 
longitudinal stress at Point 1, Point 2, Point 3 and Point 4(see Figure 4) has just 
reached the yield stress respectively. The maximum warping longitudinal stress 
will appear at Point 1 which means the first yielding in the section, therefore Tt1 
is the minimum torsional moment capacity. The absolute values of warping 
longitudinal stresses at Point 2, Point 3 and Point 4 are smaller and thus their 
yielding will occur lately, which contributes to greater Tt2 , Tt3 and Tt4 . 
 
Table 3: Torsional moment capacities 
 
Section L (mm) Torsional moment capacity ( kNm) 
  Tt1 Tt2 Tt3 Tt4 
C10019 2000 0.076 0.139 0.141 / 
C10010 2000 0.042 0.071 0.078 / 
Z10019 2000 0.095 0.134 0.278 / 
Z10010 2000 0.055 0.074 0.163 / 
LSB150×45×2.0 2000 0.718 1.076 1.209 1.321 
LSB200×45×1.6 2000 0.627 0.836 1.088 1.156 
 
In Figure 11 the data points are plotted with Tt =Tt1 for C sections, Tt =Tt3 for Z 
sections, Tt =Tt1 for LSBs, under negative eccentricity loading condition, and 
plotted with Tt =Tt3 for C sections, Tt =Tt3 for Z sections, Tt =Tt1 for LSBs, 
under positive eccentricity loading condition. It is seen that the straight line 
represented by Eq.(1) can give a good prediction for positive eccentricity 
loading case. While for negative eccentricity loading case, the data points of 
C10010 are far below the line (due to the effects of flange-lip distortion). In this 
condition, the curve represented by Eq.(2) can give a good prediction. It is 
suggested that for positive eccentricity loading case the linear interaction 
equation Eq.(1) can be used as design rule. For negative eccentricity loading 
case, it can be used except for slender C sections, in this condition, the nonlinear 
interaction equation Eq.(2) should be adopted to give a safe prediction. 
 
ܯ௨ ܯ௕⁄ ൅ ௨ܶ ௧ܶ⁄ ൌ 1                     (1) 
 








This paper has presented the essential details of a numerical study on cold-
formed steel beams subject to combined bending and torsional actions. The 
elastic buckling behavior and failure characteristics of C sections, Z sections and 
LSBs under negative and positive eccentricity loading cases were revealed.  
 
For C sections, negative eccentricity loading is more disadvantageous, due to the 
effects of flange-lip distortion. For Z sections, positive eccentricity loading is 
more disadvantageous, due to the effects of web buckling. In some range, 
negative eccentricity can help to improve the capacity of Z section, however, 
greater negative eccentricity can lead to flange-lip distortion and thus strength 
dropping. For LSBs, web distortion is observed, but capacity differences 
between negative and positive eccentricity loading cases are not obvious.  
 
In this study suitable torsional moment capacities were presented for buckling 
strength design of cold-formed steel beams subject to combined bending and 
torsion. The linear interaction equation Eq.(1) is suggested to be used as design 
rule, except for slender C sections under negative eccentricity loading, in this 
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